, red squares), it had no effect at all on the increment thresholds for the lumiSummary nance gratings, even though this task was performed after the central task and was thus prone to interference Paying attention can improve vision in many ways, the mid-to high-contrast range, while the central lumion humans as well as single recordings in monkey nance task (blue circles) had no effect whatsoever. [10-13] show that attention can modulate the neuronal As the performance measure was always threshold response at an early stage of visual processing, proba-(defined as 75% correct performance), the selective difbly by acting on the response gain. Here, we measure ference cannot be attributed to different attentional load incremental contrast thresholds for luminance and for the grating contrast discrimination task. To test color stimuli to derive the contrast response of early whether the attentional load of the central task may have neural mechanisms [14-16] and their modulation by been important, we varied its difficulty by decreasing attention. We show that, for both cases, attention imthe chromatic contrast of the central stimulus, causing proves contrast discrimination, probably by multiplierrors to vary from 4% to 45%. All difficulty levels had catively increasing the gain of the neuronal response the same effect on peripheral chromatic discrimination to contrast. However, the effects of attention are highly (around a factor of two), but none caused any increase specific to the visual modality: concurrent attention to in luminance increment thresholds. a competing luminance, but not chromatic pattern, All of these data suggest that attention modulates greatly impedes luminance contrast discrimination; contrast discrimination specifically for luminance and and attending to a competing chromatic, but not lumifor color. A likely mechanism for the modulatory effects nance, task impedes color contrast discrimination.
Figure 1. Effect of Attention on Contrast Increment Thresholds
(Top) The experimental paradigm. The stimulus comprises two gratings of 1 c/dg within 10Њ ϫ 16Њ patches, displaced from the center by 6Њ and with a central array of 20 randomly positioned disks (each 18' diameter), subtending 5Њ. In this example, the central stimulus was modulated in luminance and the peripheral gratings were modulated in color. Equiluminance was determined separately for the center and periphery by standard flicker-photometry techniques. Both central and peripheral stimuli were presented simultaneously for 80 ms. Two conditions were studied, single task and dual task. In the single task, the subjects had to attend only to the grating discrimination, ignoring the central stimulus. In the dual task, subjects were required to report whether all the disks of the central pattern were of the same contrast, and then report which of the two gratings had higher contrast. No speeding of responses was required. Feedback was given on the central task but not on the peripheral task. To ensure that attention was divided between the two tasks, the response to the peripheral discrimination was accepted only if the response to the central task was correct. Observers (the authors) practiced for many hours on different days to reach a stable performance. The reported data were collected after learning was complete, which, for some conditions, was achieved only after several days and more than 20 or more separate runs of 30 trials. curves) and to chromatic contrast in (B) and (D) (compare could be interpreted as a direct modulation of the contrast response of this neuronal population. When red and black curves), while the overall shape, the semisaturating contrast, and the extrapolated thresholds of translating the increment threshold contrast units into hypothetical neuronal response levels (as reported in all the curves remain similar in both conditions. However, attending simultaneously to two stimuli of different Figure 2 ), the attentional effects are quite large, more than a factor of two, and are highly specific to luminance modality produces contrast response curves that are nearly superimposed on the fully attended curves (comand chromatic contrast. The free parameters were A, ␣, ␤, and k 50 ; x is the contrast of the pedestal grating. To evaluate the putative neuronal response function at first approximation, the increment contrast curves were fitted by the inverse of the derivative of the contrast response functions given by:
The fit was achieved with the simplex algorithm and was stopped when no further reduction of 2 was obtained. Several trials with different initial settings of the parameters were run to avoid local minima. The curve in Figure 1 shows 60% [10, 12] . Even for these large changes reinforce this study with psychophysical evidence of gain change by attention for color contrast that is of of activity, the effect is multiplicative, without altering
